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1.  INTRODUCTION 


The  purpose  of  this  report  is  to  analyze  and  control  the  pattern 
of  an  annular  slot  antenna.  This  antenna  Is  Intended  to  have  a  null 
in  a  horizontal  plane  over  some  frequency  range.  The  pattern  is, 
therefore,  desired  to  be  a  cardioid-type.  To  realize  the  cardiold- 
type  pattern,  this  antenna  has  multiple-driving  points,  concentric 
dual  loops  or  some  combination  of  these.  A  slot  antenna  may  he  analyzed 
as  a  magnetic  current.  In  this  report,  for  simplicity,  the  slot  antenna 
is  replaced  by  a  thin  Mire  loop  antenna  (its  compliment)  and  the  analysis 
is  made  by  using  electrical  current.  For  the  purpose  of  the  present 
study  this  assumption  is  adequate. 

In  Sections  2.1  and  2.2  we  give  a  short  review  of  a  single  wire 
loop  antenna  as  given  by  R.W.P.  King. Cl ]  The  multiple-driven  loop  antenna 
is  analyzed  in  Section  2.3.  The  cardioid  condition  Is  next  considered 
in  a  general  way  in  Section  3.  The  following  sections  are  devoted 
to  the  cardioid  condition  analysis  for  various  special  configuration 
of  antennas  when  feeding  conditions  are  perturbed.  In  the  last  two 
sections  we  consider  antennas  having  nulls  In  three  directions 

2.  RADIATION  FROM  A  LOOP 

2.1  Current  In  a  Loop 

The  configuration  of  the  loop  and  the  coordinate  system  is  shown 
In  Figure  2-1.  The  center  of  the  loop  coincides  with  the  origin  of 
a  cylindrical  coordinate  system  and  the  loop  Is  placed  In  plane  7=0 
(horizontal  plane).  The  radius  a  of  the  wire  Is  assumed  to  be  small 
compared  with  the  radius  b  of  the  loop  and  also  small  with  the  wave 
length.  That  Is, 


aa  «  1  (2-2) 

where  g=2 «/ A  Is  the  propagation  constant  In  free  space. 


The  delta  function  generator  VQfi(  +)  Is  placed  at  ♦»0.  The  total  current 
In  the  conductor  at  ♦  '  Is  !(♦'),  and  the  direction  of  this  element 
Is  ds'*bd$'.  The  Integral  equation  for  I($')  Is  obtained  from  the 
boundary  condition  at  the  surface  of  the  loop,  l.e. ,  the  tangential 
component  of  the  electric  field  Is  zero  at  the  surface  of  the  con¬ 
ducting  wire.  Since 


E  =  - v  v- j«A, 


E*  *  -VQ«U)/b  *  -  J|J- 


p-b 


(2-3) 

(2-4) 


The  scalor  and  vector  potentials  at  the  element  dssbd*  on  the  surface 
of  the  wire  at  are  given  by[1]: 


v  ’  * ir  ["<•<♦')  »(♦-♦') d*' 

0  *1t 


\  J*  I(4')w(^-+')cos(4-^,)d4' 


'2-5) 


(2-6) 


where  the  kernel  Is 


«<♦-♦•)  j_ 


ir  -jar 


dip 


'2-7) 


with 


r  * 


^b2s1n2  [(♦-♦' )/2]  +  4a2s1n2U/2) 


(2-8) 


The  continuity  equation  for  the  current  and  charge  In  the  loop  Is 

-  -  J“q(4' )  (2-9) 
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From  Equations  (2-5)  and  (2-9) 

From  Equations  (2-10),  (2-6)  and  (2-4),  the  following  Integral  equation 
Is  obtained 

jzn  r 

V0«U)  *  Tpr  J  (2-11) 

where  the  kernel  Is 

k(4-4')  * jBbcos(4-4‘)  +  ^  w(*-4‘)  (2-12) 

and 

ZQ  «  wp/B  *  Sv/£o  .  (2-13) 

A  solution  of  the  Integral  equation  (2-11)  may  be  sought  with  the 
aid  of  the  Fourier  expansion  of  the  kernel  and  of  the  current.  The 
dimensionless  quality  w(4-4')  Is  expanded  as 

«(♦-♦•)  *  f  km  (2-14) 

where 

km  *  F  F  *♦'  *  (2-15) 

Equations  (2-14)  and  (2-15)  are  substituted  into  Equation  (2-12) 

k(W)  *1*  (2-16) 

•«  " 

where 


4 


(2-17) 


1 1 


°n  s  T  (kn+l  +  kn-l}  "  ?B  V’^n 
Now  the  integral  equation  is  reduced  to 

V0«(*) 


The  current  !(♦')  is  also  expanded  in  a  Fourier  series 


!(♦*)  -  I  Ine 


■jn4 


where 


i„  ■  h  r.  !<♦'  *■ 


A  comparison  of  Equations  (2-18)  and  (2-20)  shows  that 

jZ"  “  »-jr* 


V  ^6  ( ♦  > 


T  L“n  !n  e' 


This  is  a  Fourier  series  with  the  coefficient  (jZQ/2)  anI( 
ficients  are  given  by 

J  r  %  ‘n  =  ir  f  V0J(4)ejn*  »  -  ^ 

-it 


Thus 


JV, 


*n  “  “  Z*a 
o  n 


so  that 


(2-18) 

(2-19) 

(2-20) 

(2-21) 

.  The  coef- 

(2-22) 

(2-23) 

(2-24) 
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The  coefficient  a  can  be  calculated  by  Equation  (2-17)  with  the  fol¬ 
lowing  equations  and  its  results  are  shown  in  Figure  2-2. 

i  20b  2eb 

ko  =  *  An  I'!  Vx)dx  +  *  !0  Jo(x)dxJ  (2-25) 

k-n=kn  =  w  j^o^^o^  +  Cnj  '  1  fQ  «2n(x)+j,Wx)  dx 

(2-26) 

where 

I0f^)  is  the  modified  Bessel  function  of  the  first  kind 
Ko(gi)  is  the  modified  Bessel  function  of  the  second  kind 


Figure  2-2(a).  Real  parts  of  the  coefficients  l/oQ,  l/o^t  l/o^ 


Vector  potential  dA  at  the  point  P(x,y,z)  or  (r,o,*)  due  to  the  current 
in  the  element  bd*'  is 


a  u  SR 

dA  =  ♦  ^  Z-j—  I  ( ♦ ' )  bd^ ' 


(2-28) 


where 


=  /(r  cose)2  +  p2+b2-2pbcos(*-* ' ) 

-  r-bsin9cos(*-* ')  (2-29) 


For  the  far  field  we  have 
b  <<  r 


(2-30) 


and  the  x  and  y  components  of  the  vector  potential  at  point  P  are 
then  obtained  from  the  following  integrals 


A 


x 


sin*1  dA 


1  Br  2tt 

•  -|e£_  f  1(4 ' )  eJ8bs1n8cos(*-*')  s1nt,dt, 
r  0 


(2-31) 


2v 

A  ■  /  COS*'  dA 

y  o 


ejPbs1n0cos(*-*') 


cos*'d*' 


(2-321 


Equation  (2-27)  Is  Inserted  Into  Equations  (2-31)  and  (2-32),  and  sin* 
and  cos*  are  expressed  In  exponential  form.  The  0th  component  of  Ax 
and  A  are  expressed  as  follows 
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(ii-33) 


\n  M  (-k)*k2) 

(i<-33) 

V  -  r  <W 

(2-34) 

where 

.  -JM-j6r*0 

n  4ir2rZ  a 

o  n 

(2-35) 

k  =  J  f  n+l )♦' e JScos ^ • 

0 

(2-36) 

k  =  f  ej(n-l)4'  eJBcos(4-4')d#, 

2  0 

(2-37) 

B  =  Pb  sim 

(2-38) 

k,  and  k?  are  very  similar  to  the  Sommerfeld  representation  of  Bessel 

function  : 

jn(„  •  C.  ejn*  ^ 

0 

(2-39) 

Inspection  of  Equations  (2-36)  through  (2-39)  shows  that  kj 
can  be  expressed  as 

and  k^ 

k,  •  »j"*'  eJ(n*1)k  0^,(6) 

(2-40) 

k2  «  ^J0"1  (B) 


(2-41) 


Alternately 


-  J  (Bbslne) 

*  o  *ob  I  S-  ra —  c0“ 
I  n 


|gJn(4+»/2)  .  (-1)n  e-Jn(H*/2)j 


(2-49) 


-  JQ  V0  b 


'(Sbslne) 


+  l  Jn(gbsine)[e3n(^V2)  +  *V2)]>  {2.50) 

1  °n  L  ■  * 

For  loops  of  moderate  size.  ft<2.5,  the  principal  contribution  to 
the  current  are  from  the  first  three  terms  In  the  series.  The  vector 
potentials  are 


Ae.QVb  0 


[2J1(ebs1ne)co5es1n+  j4J2(Bbsin0)coses1n24»  "J 
0  <*i  Bbslne  Bbsfne  J 


l  *  jQV  b  f  J' (Bbslne)  J2Ji(8bs1n0)cos4  2JI(6bsine)Cos2f  1 

♦  o  - ? - - J  (2-52, 
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The  electromagnetic  field  is  given  by 


r  =  j<*>rx(rxS)  -  -  j“f®Ae+*A^) 
I  -  -  j&rxA  =  -  JB(*Ae-eA#) 


<2-53) 


(2-54) 


Therefore 


Ee  =  j»qv0b 


2Jj(Bbsin0)cos0sin$ 
a.  gbsTn’e 


4J2(ebs1ne)coses1n2* 

a^Bbsine 


(2- 


wQVQb 


!,(Bbs1n0)  2Oi(Bbsin0)cos4  2Ji(0bs1ne)cos2* 
o : _ 1  +  j  _J_ - - - £ -  (2-56 

a  J  a_ 

0  1  2 


2.3  Multiply-driven  Lot 


The  current  and  vector  potentials  in  the  loop  which  is  driven 
by  the  generator  Vg  at  *=0  are  obtained  from  Equations  (2-24),  (2-46) 
and  (2-47),  respectively: 


JV,  v  eJn* 

*,<*>  ‘ '  j r  l  ~s~ 

o  -«  n 


>a  ■  «V  l. 


,Jn(*+w/2)  j  (ebsin»)Cos8 


"a *'Bbsin0 
n 


(2-57) 


(2-58) 
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(2-59) 


.  ejn(4+»/2)  J^&bslne) 

A..-JO »V  b  I  - 5T - 

♦  a  _•  n 


If  generator  position  is  changed  from  4»0  to  end  voltage  from 
V.  to  V. ,  the  current  and  vector  potentials  are  given  by 

a  D 

j*b  i  eJn(*‘V 

u*)  -  -r  ! -  (2-60) 

o  -•  n 

-  n  (ebs1n«)co*» 

%  '  Q*b6  l - a-siiSs -  ) 


*9 

JQV„  b  I 

•  00 


jn(M„+»/2) 

e 


j;( absin®) 


(2-62) 


If  the  loop  is  driven  by  two  generators  shown  In  Figure  2-4,  the 
current  in  the  loop  Is  expressed  as  the  sum  of  I#(4)  and  Ib(4). 


!(♦)  ■  IaU)  ♦  !„(♦) 


jn(4-*b) 


(2-63) 


The  vector  potentials  are  also  the  sum  of  each  vector  potentials. 


Ae  *  Aea  *  A«b 


"  nJ  ( «bs Ine) cose 
Qb  l  n 


o_  sbsine 
n 


L  .)"(♦*■«) *  vJo,*-v’/2j 


V\.*A* 


*  J'(ebs1n«)  f  Jn(*-*h+"/2) 

-  jgb  I  -a— j -  v^n<*+,/2>  ♦  Vbe  b 

n  L  J 

(2-65) 

As  a  special  case,  the  loop  Is  assumed  to  have  two  generators  at 
♦=0  and  *=ir,  and  the  voltages  V#  and  Vb,  are  as  shown  in  Figure  2- 
5.  Substituting  *b**  in  Equations  (2-64)  and  (2-65),  the  following 
equations  are  obtained: 


*  nJ„(Bbsin0)cose 

Ae-»b  l  ‘.TKBT- 


L  eJ»( ♦**/?!  t 


=  JQb  j  I  ,  vb 


(2-66) 


(2-67) 


If  n  is  limited  to  0  and  1,  the  electromagnetic  field  is  expressed 
as  follows: 


J  2w  QbJ1(6bsin0)cos0  cos* 

- 'spsnst -  <VV 


(2-68) 


E*  -  »0b  J^(6bsin0)(Va+Vb) 


j2u  QbJj(&bsinB)(Va-Vb>cos* 
+  . 


(2-69) 
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Figure  2-4.  General  multlplo-drlven  loop  antenna. 


Figure  2-5.  Loop  antenna  driven  at  two  points 


3.  CONDITION  FOR  CARDIOID  PATTERN 

Both  In  the  singly  driven  (2-24)  or  multiple  driven  (2-62)  loop, 
the  current  In  the  loop  Is  expressed  as  follows 

!(♦)  -  l  (C**) 

•• 


V 


l  2C  cosn4 
n*l  n 


(3-1) 


where  Cn=C_n  is  a  complex  constant  which  Is  determined  by  many  factors 
such  as  frequency,  physical  size  of  the  loop,  configuration  of  drive 
(one  point,  two  points  or  four  points)  or  voltage  applied  to  each 
terminal.  Consequently  the  electric  field  Is  unltarlly  expressed  as 


E  "  l  En  e 


*  E 


w 

♦  l  2E  cosn* 
0  n-1  " 


(3-2) 


This  means  that  the  resultant  electromagnetic  field  Is  the  sum  of 
each  mode  of  field  components.  Now  let  us  consider  the  electric  field 
In  the  plane  of  e^go0  and  mode  Is  limited  to  n«0  and  n*l.  From 
Equations  (2-55)  and  (2-56) 


Ee'° 

(3-3) 

E*  "  Ew  *  E*1  CM* 

(3-4) 

where 


E 


♦0  ‘ 


a 

0 


(3-5) 
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(3-6) 


J2«QV0bJj(6b) 

Etl  * 


If 
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Equation  (3-4)  Is  reduced  to 


(3-7) 


E#  *  E^O+cost)  .  (3-8) 

This  is  the  cardlold  pattern  shown  in  Figure  3-1  which  has  a  null 
at  *»180°.  The  cardlold  pattern  Is  produced  when  the  peak  magnitudes 
of  the  n*0  mode  (nondfrectlonal  pattern  In  Figure  3-1)  and  the  n*1  mode 
(Figure  eight  pattern  also  In  Figure  3-1)  are  equal.  To  obtain  the 
cardlold  pattern  we  must  control  E^  and  E^  to  satisfy  (3-7). 

The  coefficients  E^  and  E^  are  functions  of  frequency,  size  of  the 
loop,  mode  of  driving  (one  point,  two  points,  or  four  points)  or  voltage 
applied  to  each  driving  point.  These  are  the  parameters  to  obtain 
the  cardioid  pattern.  How  to  select  these  Items  are  discussed  In 
the  following  sections.  However,  It  Is  better  to  predict  how  the  pattern 
will  change  when  the  cardlold  condition  Is  shifted  from  Its  optimum 
value.  To  this  end  we  rewrite  Equation  (3-4)  as  follows: 

E4  °  Eto  [1+(a+jb)cost]  (3-9) 

where  a  and  b  are  real  numbers.  The  power  pattern  is  expressed  as 


“(COS4+  -n — jr) 

a*+b‘ 


(3-10) 


2 

If  conversions  between  E^  and  y  and  between  cost  end  x  are  made. 
Equation  (3-10)  represents  a  parabolic  curve.  From  this  parabolic 
curve  and  circle  of  unit  radius,  polar  plot  of  Equation  (3-10)  can 


be  obtained. 
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In  Figure  3-2  we  have  plotted  the  parabolic  curve.  Draw  the 
line  from  the  center  of  the  circle.  At  the  Intersection  point 
with  the  circle  a  straight  line  is  drawn  up  to  the  parabolic  curve. 

The  Intersection  point  with  the  x  axis  Is  cos^.  Next,  mark  the  value 
E1  on  the  line  In  circle  and  the  polar  plot  Is  obtained. 


Figure  3-2.  How  to  make  a  polar  plot. 


Consider  the  case  shown  In  Figure  3-2.  E. 


As  *  Increases,  E / 
♦ 

yields  the  mini mum 


Is  maximum  at  *»0. 

E/ 


At  **cos_1  (-p* 


decreases  monotonlcally. 

F2  2  aNb‘ 

-* — *•  .  And  again  E.  Increases  to  the  peak  at 
a^-HT  * 


**180°.  The  pattern  Is  symmetrical  with  respect  to  the  **0  and  180 
axis.  According  to  the  position  of  the  parabolic  curve  minimum,  the 
pattern  Is  classified  Into  three  types.  These  are  shown  In  Figure  3-3. 
Type  I  (Figure  3-3(a))  Is  already  stated  In  Figure  3-2,  which  has  two 
minimum  located  symmetrically. 


(a)  TWO  NULLS  (b)  TRUE  CARDIOID 


(C)  ONE  NULL 


Figure  3-3.  Three  types  of  loop  antenna  pattern 
In  horizontal  plane. 

This  occurs  when  -1  <  — 2~~2  -  ®  (0>a)»  or  0  <  — jr~2<  1  (a<°)* 

a  +b  a  +b 

The  region  which  satisfies  this  relationship  is  outside  the  two 

circles  (a  +  +  b2  =  (^)2  in  Figure  3-4.  Type  II  (Figure  3-3(b) ) 

.  h2 

is  a  special  case  in  which  cos*  *  — +  1  and  v  a  =  0  that 


7*r : 
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is  a  =  +  1  and  b  =  0.  This  is  the  case  when  the  pattern  shows  the 
true  cardioid  1  +  cos*  . 
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REGION  I  PRODUCES  TWO  NULLS 
REGION  H  PRODUCES  TRUE  CARDIOID 
REGION  SI  PRODUCES  ONE  NULL 


Figure  3-4.  Region  which  produces  three  different  patterns 

In  E»l+(a+jb)cos$. 

Type  III  (Figure  3-3(c))  occurs  when  -  ■  -/£  ■*  <  -1  (a>0)  or 

a^+b^ 


1  <  — jp-sr  (a<0).  In  this  case  maximum  Is  at  $«0  (a>0)  or  $=180° 
a  +b 

ia<0)  and  minimum  is  at  $=180  (a>0)  or  0°  (a<0).  This  pattern  resembles 
Type  II  except  the  null  is  not  as  deep.  The  region  of  a  and  b  is 
within  the  circle  in  Figure  3-4. 


4.  SINGLE  LOOP  DRIVEN  AT  SINGLE  POINT 

The  configuration  of  this  antenna  is  the  same  as  shown  in  Figure 
2-1.  The  electric  field  in  the  horizontal  plane  is  obtained  by  sub¬ 
stituting  0*ir/2  into  Equations  (2-55)  and  (2-56).  If  the  number  of 
modes  is  limited  to  n=0  and  n=l.  we  obtain: 


(4-1) 


J:(8b)  2J'(6b) 

wqv  b  — - - +  j  — - cost 

l  o  1 


(4-2) 


I 


i 

I 

u 


I 


f 


c 
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If 


J*  f  fib)  2Ji(3b) 

o  =  *  * 

a  J  a, 

0  1 


(4-3) 


then  the  cardioid  condition  (Equation  (3-7))  is  satisfied.  Equation 
(4-2)  is  reduced  to  the  type  of  Equation  (3-8).  aQ  and  ^  is  a  function 
of  frequency,  the  wire  radius  a  and  the  loop  radius  b  as  defined  by 
Equation  ( 2-17). 


If  a  and  b  are  chosen  to  satisfy  Equation  (4-3)  at  a  certain 
frequency, the  cardioid  pattern  is  realized.  This  type  of  antenna 
is  very  simple  and  desirable.  However,  only  a  narrow  frequency  band 
satisfies  Equation  (4-3).  Therefore,  further  investigation  of  this 
antenna  was  not  pursued. 


5.  SINGLE  LOOP  DRIVEN  AT  TWO  POINTS 
5.1  Antenna  patterns 

The  configuration  of  this  type  of  antenna  is  shown  in  Figure 
5-1.  Two-point-drive  means  that  the  pattern  is  not  only  restricted 
by  the  physical  size  of  the  loop,  but  also  controlled  by  the  relative 
voltage  applied  to  the  driving  points.  The  electric  field  in  the 
horizontal  plane  is  obtained  from  Equations  (2-68)  and  (2-69): 


Vfl 


Figure  5-1.  Loop  antenna  fed  at  two  points. 
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i 


E  *  0 


(5-1) 


Qwb 


,  2Jj(gbHyvb)  " 
.  a0  °1 


(5-21 


The  cardlold  condition  of  a  null  at  ♦*180°  Is  according  to  Equation 
(3-7), 


a 

0 


<YV 


20) (8b) 

1  -5—  ( VV 


Under  this  condition.  Equation  (5-2)  Is  reduced  to 


E*(V2,*) 


Q“b  ^(pb)(Va+Vb) 

5 

0 


l’ 


(5-3) 


(5-4) 


In  order  to  satisfy  Equation  (5-3)  one  might  select  both  the  physical 
size  (a  and  h)  and  the  voltages  (Va  and  Vb).  However  once  the  physical 
size  Is  determined,  Va  and  Vb  must  satisfy  the  following  relationship 
as  obtained  from  Equation  (5-3): 


“io;<«» 

B1  O'  (0b) 


-  1 


+  1 


(5-5) 


Substituting  condition  (5-5)  Into  Equations  (2-66)  and  (2-67)  yields 


vh  J,(ebsine)cose 

E0(e»4)  "  V“)  - sTne  cos* 

•  a 


(5-6) 


IP 
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E  («,♦) 


Q«bJ^(8bs1n«) 

5 

o 


V1+^ 


1 

to 


+ 


Jj(6bsin0) 

ajTSbsinft'J 


(5-7) 


The  patterns  in  the  vertical  planes  $*0  and  90°  are  shown  in  Figures 
5-2  and  5-3,  respectively.  Note  that  as  b  increases,  energy  is  radiated 
more  in  the  vertical  direction,  and  the  undesired  null  is  produced 
as  shown  in  Figure  5-2(b).  The  pattern  of  the  horizontal  plane  remains 
unchanged  when  6b  is  changed  as  seen  by  Inspection  of  Equat1on(5-4). 

If  the  null  direction  Is  desired  to  be  different  from  4>a*  ,  Its  condition 
is  obtained  by  substituting  E(*/2,*o)»0  where  ♦  Is  the  desired  di¬ 
rection  of  the  null.  That  is 


Web)  2  Jj(Bb)(v  -v.) 

-2__  (v>+V  -  j  — I---*-*-  C0SV0 


or 


2a0  Jj(Bb) 

2«  JilSKT 


cos*  -1 
0 


cos* +1 
0 


The  pattern  In  the  horizontal  plane  Is 


(5-8) 


(5-9) 


E*("/2,*) 


(5-10) 


An  example  of  this  pattern  is  shown  in  Figure  5-4. 
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5.2  Cardioid  condition 


The  cardioid  condition  is  calculated  using  Equation  (5*5). 

It  is  show  in  Figure  5-5.  In  this  diagram,  n  =  2*n  2«b/a.  As  6b 
increases,  locus  of  the  cardioid  condition  changes  considerably. 
This  is  another  reason  that  a  large  loop  Is  not  favorable  for  this 
antenna. 


5.3  Pattern  change 


The  change  In  the  horizontal  pattern  will  now  be  observed  as 
the  feeding  condition  is  shifted  from  the  cardioid  condition.  Assume 
that  amplitude  becomes  A  times  as  much  as  before,  and  the  the  phase 
differs  by  6  radian.  That  is,  the  feeding  voltage  ratio  is 


Vva  *  VVa 


; 


Substituting  Equation  (5-11),  Equation  (5-7)  yields; 


2«  Oj(Bb) 

1  1/ 


A  e 


—  cos 

ja 


(5-11) 


(5-12) 


Figure  5-6a  to  Figure  5-6c  show  the  case  where  a  is  changed  from 
-20°  to  +20°  by  10°  Intervals  with  an  A  of  1.122(ldB),  l.O(OdB)  and 
0.89l(-1dB). 


Thus,  we  may  conclude  that  this  type  of  antenna  is  somewhat 
frequency  sensitive. 
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Figure  5-5.  Cardlold  condition. 
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Figure  5-6 (a)  Pattern  change. 
Amplitude  change:  +1  dB. 


6. 


TWO  LOOPS  FED  AT  TWO  POINTS 


6.1  Antenna  pattern 

This  antenna  consists  of  two  concentric  loops  placed  In  the  same 
plane  (see  Figure  6-1).  A  large  outer  loop  operates  the  n*l  mode  only, 
while  a  small  inner  loop  operates  the  n*0  mode  only.  When  the  loop 
is  driven  by  two  generators  as  shown  in  Figure  2-5,  the  electric  field 
in  the  horizontal  plane  is  expressed  by  Equation  (2-69)  as 

E.(«/2,»)  *  ^  JiUbHV,*V„) 

™  0 

+  j  J|(eb)  (Va-vb)  cos*  (6-1) 

W  1 


Figure  6-1 •  Two- loop  antenna  for  cardlold  pattern. 


If  Va*-Vb,  that  Is,  equal  In  amplitude  and  180°  out  of  phase,  the 
n=0  mode  Is  eliminated  and  only  the  n=l  mode  remains.  If  va=Vb,  that 
is,  equal  In  amplitude  and  phase,  only  the  n*0  mode  remains.  Thus, 
n=1  in  the  outer  loop  and  n=0  in  the  Inner  loop  Is  possible.  However, 
if  the  diameter  of  the  loop  is  small,  the  n=0  mode  is  dominant.  It 


is  not  necessary  for  the  Inner  loop  to  be  driven  by  two  in-phase 
generators.  Figure  6-1  shows  a  possible  configuration  of  this  type 
of  antenna.  The  electromagnetic  field  is  the  sum  of  the  radiation 
by  the  inner  and  outer  loops.  The  electric  field  in  the  horizontal 
plane  is  expressed  as 


Ee(  */2,4)  *0 


Qti> 


in 


-  TTS)  Ji(Bb1n>Va 


(6-2) 


where 


'in 


♦  J  Ji(6b°ut)  vi> C0SB 


=  radius  of  inner  loop 


bout  *  rad™s  outer  loop 
a  (in)  *  0th  order  coefficient  of  inner  loop 
ai (out)  =  1st  order  coefficient  of  outer  loop 

The  cardioid  condition  with  null  at  ♦*180°  is 


(6-3) 


E^(»/2,ir) 


Qb) 


4b 


nrf-  YJ  J)(Bbout,Vb 


(6-4) 


After  the  dimensions  of  the  loop  were  chosen,  the  feeding  network 
must  satisfy  the  following  relationship: 


!b . .  i «,<«»>  •>,„  W 


(6-5) 


Under  this  condition 
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■  ^nS)  Ji«Vv«c'  + 

The  general  expressions  for  E0»  and  E^  are  obtained  by  sumnlng  the  0  mode 
from  the  Inner  loop  and  the  contribution  from  the  1st  mode  on  the 
outer  loop  and  substituting  (6-5)  into  these  equations: 

juiQVb  4J^(6boutsine)  cose  sin* 

E0(e,*)  =  - ^uFJT'sTne 


^binJo{6bin)VaJl(6boutsin8)cosesin^ 


aQ(in)b 


out^l 


out 


Jl  sine 


(6-7) 


.  .  "'»va‘>1nJotBb1ns1ne>  ,  1MW  V6lWs1n,)cos* 

Et(9*+> - 


wQt>in  Jq( 


_ in 

HTrTnT 


sine) 


1  + 


Ji(Bb0Ut5,r|8) 


jojfV 


cos  * 


(6-8) 


In  particular  for  the  horizontal  plane,  we  obtain 


E0  Or/2,*)  -  0 


(6-9) 


E*(*/2,*)  * 


“Qb1nJo^Bb1n)Va 


-0W 


[l+cos*] 


(6-10) 
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The  shape  of  this  pattern  shown  In  Figure  3-1  Is  of  course  the  cardioid 
and  Is  unchanged  If  the  dimension  of  the  loop  Is  changed. 


In  the  vertical  plane  4*0,  we  obtain 


E  (e,0)  =  0 

O 


(6-11) 


E  (9,0)  * 

9 


“o(!n) 


1 


Ji( Pb1ns1ne) 


+  Ji(ebouts,n6) 


(6-12) 


This  radiation  pattern  Is  shown  in  Figure  6-2  for  various  Bb.  Note, 
that  null  appears  in  the  elevation  direction  when  3b*2.0.  This  shows 
that  a  large  diameter  Is  not  desirable  for  this  antenna.  In  the  plane 
4=90°  we  obtain 


. -V^m'  Vi<W'M)cose 

Ee'6”/2)'^>  W1- 


E^(0,ir/2)  = 


“QVa  bin  Jo<gb1ns1ne' 
a^(Tn) 


(6-13) 


(6-14) 


This  radiation  pattern  is  shown  in  Figure  6-3  for  various  Bb. 


6.2  Change  of  The  Cardioid  Condition 

The  cardioid  condition  is  given  by  Equation  (6-4).  This  value 
is  a  function  of  frequency  and  the  size  of  the  loop.  How  the  cardioid 
condition  changes  with  frequency  Is  now  investigated.  The  results 
are  shown  in  Figure  6-4.  The  radius  b  of  outer  loop  is  selected  to 
be  Bb*1.0,  1.5  and  2.0.  The  radius  a  of  the  wire  is  selected  to  be  n 
*7,  8  and  9. 


Figure  6-2.  Vertical  pattern  at*-Ow. 


Figure  6-4.  Cardiod  condition. 
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The  horizontal  axis  is  the  voltage  ratio  lvb/V#|. 

The  vertical  axis  is  the  phase  difference  ZVK/V_. 

For  6b*1.0,  the  voltage  Is  a  constant  while  the  phase  changes  with  fre¬ 
quency.  Therefore  it  is  desirable  that  the  feeding  network  compensate 
for  the  phase  change,  If  the  cardioid  pattern  is  expected  over  the 
entire  frequency  rapge.  A  possible  feeding  network  Is  realized  by  using 
transmission  lines.  However,  in  the  case  of  &b«2.0  the  cardioid  condition 
moves  along  the  constant  phase  line,  and  the  phase  suddenly  gets  180° 
out  of  phase.  This  is  one  reason  that  a  large  diameter  loop  cannot 
be  used  as  this  type  of  antenna.  The  other  reason  is  the  null  In  the 
elevation  as  stated  earlier.  In  the  Bbs1.5  case  the  situation  is 
for  the  middle  of  the  two  cases.  Both  voltage  and  phase  change  ac¬ 
cording  to  frequency. 

6.3  Change  of  Pattern 


In  this  section  we  will  consider  the  change  in  pattern  for  various 
parameter  changes.  The  electric  field  E$(V2,#)  in  the  horizontal 
plane  is  given  by  Equation  (6-3).  It  is  rewritten  as. 


E*("/2.t) 


1  4  c(f )  TJ5  cost 
a 


where 


(6-15) 


(6-16) 


The  cardioid  condition  is 


The  feeding  network  must  be  designed  to  satisfy  Equation  (6-17)  at 
the  center  frequency  fQ.  However,  at  a  frequency  different  from  the 
center  frequency,  oQ,  <*j,  6  and  c(f)  are  different  from  those  of  the 
center  frequency.  c(f)  Is  assumed  to  be  different  from  c(f01  by  A 
times  in  amplitude  and  4  radians  In  phase,  l.e.. 


c(f)  =  c(fQ)  A  e' 


J« 


(6-18) 


The  feeding  network  also  has  frequency  characteristics.  But  the  feeding 
network  here  is  assumed  to  keep  Vfe/Va  constant.  Under  such  circumstances 


E*("/2,*)  *  1  +  c(f)  Vb/Va  cos* 

•x,  1  +  c(fQ)  A  eja  Vb/V#  cos* 
■v  1  +  A  e^a  cos* 

where  relationship  (6-17)  is  used. 


(6-19) 


Equation  (6-19)  is  also  true  in  the  following  case.  At  the 


center  frequency  f  the  feeding  network  has  some  error  and 

1  ”  1i 

Vb/Va  *  -  A  eJ  .  The  error  is  A  times  in  amplitude  and  d  radian 

in  phase.  ThS  result  of  this  calculation  Is  shown  in  Figure  6-5. 

For  example  in  the  case  f*1125  MHz,  6b*1.0  and  0*8,  Vb/Va  at  cardioid 
condition  is  -10.5  dB,  148°from  Figure  6-4.  When  frequency  Is  shifted 
to  1250  MHz,  Vb/Vfl  becomes  -10.3  dB,  173°.  The  difference  of  Vb/Va 
is  0.2  dB,  25°.  If  the  feeding  network  Is  frequency  independent, 
the  anticipated  pattern  will  be  a  curve  between  4*20°  and  4=3fl° 
in  Figure  6-5(b). 


If  the  feeding  network  Is  frequency  dependent  and  the  phase 
is  shifted  by  -15°,  the  difference  of  Vb/V#  Is  0.2  dB,  -10°.  The 
pattern  in  that  case  Is  a  curve  of  -10°  In  Figure  6-5'b). 


1 

' 

i 

i 


+•0 

Figure  6-5(a)  Pattern  change. 
Amplitude  change:  +1  dB. 
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Figure  6-5(c)  Pattern  change. 
Amplitude  change:  -1  dB.  , 


6.4  Feeding  Network  Consideration 


We  shall  now  determine  How  much  deviation  from  the  cardiold 
condition  Is  permissible  If  the  front-to-back  ratio  (FBR)  Is  given. 
The  electric  field  E.(w/2,e)  in  the  e*»/2  plan  Is  the  same  as  (6-1F) 


(6-?0) 


FBR  Is  defined  as 

FBR  =  20  1og^0 

*  20  log1Q 


%(*/2,0) 

17(^727^ 

1  ♦  df)  y 

a 

— 

1  -  c(f )  f 
a 


1  *  c(f)  J- 
a 


1  -  c(f)  ^ 


10FBR/2°  «  K 


From  the  cardiold  condition. 


(6-21) 


(6-22) 


1  - 


C'V  t 

Q 


(6-23) 


We  now  assume  the  feeding  condition  is  changed  to 


vb.vb 

V ’r. 


.eii,  1  .e1* 

*  trv 


' 

In  the  same  manner  as  before.  Thus  Equation  (6-22)  Is  reduced  to 


1  +  A  e 
1  -  A  e 


K. 


(6-24) 


If  the  F6R  is  given,  permissible  range  of  A  without  phase  shift  is 


1  +  A 
1  -  A 


>  K 


that  is 


K  +  1 
K  -  1 


A  > 


1 


K  +  1 


(6-25) 


Permissible  range  of  6  without  amplitude  change  is 


1  +  e' 


>  K 


„  -i  kc 
cos 


K  +  1 


1  .  .  .  _„-l  Kc  -  1 

-  >  o  >  -  cos  — g - 


+  1 


(6-26) 


When  both  A  and  6  are  changed,  the  permissible  range  is 


..A**' 

7777* 


K 


(6-27) 


A 

2 


K2  +  1 
K2-  1 


COS6 


(6-28) 
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This  curve  Is  shown  in  Figure  6-6  where  we  note  the  permissible  range 
of  amplitude  and  phase  when  the  FBR  Is  given.  Combining  Figure  6-4 
and  Figure  6-5,  we  obtain  the  range  of  Vjj/V^  We  now  draw  the  FBR 
circle  for  cardioid  condition  at  each  frequency  as  shown  in  Figure 
6-7  for  sb*1.0,  fl*8.  A  frequency  range  from  1.0  GH2  to  1.25  GHz  is 
assumed  in  Figure  6-7.  If  VK/V  is  chosen  in  the  shadow  regions, 
the  requirement  of  15  dB  FBR  at  the  frequency  range  between  1.0  to 
1.25  GHz  and  between  1.125  and  1.25  GHz  will  be  satisfied.  However 
both  regions  do  not  overlap  so  there  is  no  way  to  change  the  ratio 
Vb/Va  such  that  it  will  satisfy  the  entire  frequency  range  from  1.0 
to  1.25  GHz.  To  do  this,  the  feeding  network  should  be  designed  to 
compensate  for  cardioid  condition  changes. 

7.  TWO  LOOPS  FED  AT  FOUR  POINTS 
7 . 1  Antenna  patterns 


There  is  an  alternate  method  to  obtain  the  quasi-cardiofd  pattern 
in  a  dual  loop.  The  outer  loop  Is  fed  at  four  points  with  progressive 
phase  as  shown  in  Figure  7-1.  The  resultant  electromagnetic  field 
is  the  sum  of  each  contribution  as  derived  In  Section  2.3.  EA  is 
obtained  by  use  of  Equation  (2-56)  as  follows. 


uQVo  b 


;(8bslne)  2Ji(et*1ne) 


EJ'(ebslne) 

-V — 


2J.(Bbsine) 


—  COS(<t>+ir/2) 


♦  -Q(-V0)bj^ 


(Bbsln®)  2Ji(Bbsine) 


- - - cos(*+")l 


Figure  6-6.  Oiagran  showing  the  acceptance  range 
for  feeding  variation. 
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Figure  7-1.  Feeding  condition  tp  obtain  the  element 
distribution  eJ ♦. 


♦«<KjVo)b 


J* (ebslne )  2Ji(ebsine> 

- +  j  - - 

°o  “1 


COS(*+3ir/2 


l 


4^voWj(ebsine) 


‘1 


(cosf+jsln^) 


4oQVobO'(ebs1ne)  ^ 
j  -  e 


(7-1) 


If  the  small  loop  which  radiates  omnidirectionally  Is  placed  In  the 
large  loop  as  shown  in  Figure  7-2,  the  total  electric  f  eld  Is 


e  (...) .  fVls  W)d!!!! 

♦ 


.  .  <y|),l.  bout  jf 

ajCout)  e 


(7-2) 
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Figure  7-2.  Two-loop  antenna  fed  at  four  points. 


The  condition  for  a  null  In  the  direction  In  the  horizontal 
plane  Is 


E>/2,*)  =  <*»Q 


o<»b 

m 


In' 


-  J 


4VbboutJi<*bout> 


al 


rostr 


0  (7-3) 


(7-4) 


Note  that  the  cardlold  condition  (7-4)  Is  exactly  the  same  as  that 
of  two-point-drive  In  dual  loop  (6-6'.  Under  this  condition  the  hori 
zontal  pattern  Is 
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E^(  ./2,  ♦) 


uQV 


Trnrr 


ti 


♦  e 


(7-5) 


This  pattern  Is  shown  In  Figure  7-3.  There  are  two  curves  in  this 
figure.  An  explanation  is  given  in  the  next  section.  The  same  pro¬ 
cedure  leads  to  the  following  equation  concerning  E  : 

e 


E  </<>.♦) 


44.qvbJ  (gbouts1ne)cose 
aj(out)6  sin  e  e 


(7-5) 


The  general  expressions  for  Eg,  E^  at  ca**d1oid  condition  are 


re,,-  “QVab1nJ;f6b1„Slne>  f, 

£,(».♦) - -TTH7 - [' 

♦  j  Ji(Bbouts1n6)  W1 

b,n  .,1580  V,  J 


(7-6) 


or  by  use  of  Equation  (7-4), 


"(>Vab1nJi(Bb1.is1nl,> 

[1  ♦  , 

57151 

l 

~rvn) 

O1(out) 

J1(ebouts1ne) 

x3JTE^sTRSr 

a 

(7-7) 


cose 


f  7-8' 


or  hy  Equation  (7-4) 


Efl(e,4) 


JA(e<>inSlne) 

TW - 


The  vertical  patterns  In  the  planes  4*0  and  are  show  In  Figures 
7-4  and  7-5,  respectively. 

7.2  Change  of  pattern 

Assume  now  that  the  feeding  condition  Is  changed  from  (7-4) 
to 


vb 

r. 


.)(out)  b,„  .>;<»,„> 

>w 


(7-11) 


The  horizontal  pattern  then  becomes 

E^fw/2,#)  *1  +  Aej6ej4  .  (7-1?) 

If  the  amplitude  ratio  remains  constant,  that  Is  A*1,  then 

E*f»/2,t)  '1  ♦  eJ(#+*}  .  (7-13) 

This  Is  the  same  pattern  as  (7-5)  except  that  a  null  occurs  at  4*11-4. 
Phase  change  affects  only  the  position  of  null.  In  Figure  7-3,  the 
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Figure  7-4.  Verticil  pattern  at  +*0. 


Mwua&hmiam 


pattern  with  null  In  30°  Is  shown.  If  only  the  amplitude  ratio  A 
Is  changed,  the  pattern  1$ 

E*(»/2, 4)  *  1  ♦  Ae1^  .  (7-14) 

This  pattern  Is  shown  In  figure  7-6;  A  only  affects  the  depth  of  null. 
If  both  amplitude  and  phase  Is  changed,  the  pattern  Is  a  combination 
of  Figure  7-3  and  Figure  7-6.  That  Is,  the  null  position  rotates 
6  and  the  null  depth  gets  worse. 

7.3  Comparison  between  the  two-point-drive 
and  four-point -drive 


In  this  section  comparison  Is  made  between  the  two-point-drive 
and  the  four-point-drive  (both  In  dual  loop).  First,  compare  the 
horizontal  pattern  In  Figure  3-1  (2-polnt-drlve)  with  Figure  7-3  (four- 
polntdrlve).  The  null  width  of  four-point-drive  Is  narrower  than 
two-polnt-dlrve.  Compared  with  -20  dB  level,  two-point-drive  has 
null  of  more  than  70  degrees  while  four-point-drive  has  only  25  degrees. 
When  the  feeding  condition  Is  changed,  each  antenna  behaves  differently. 
Four-point-drive  antenna  changes  Its  null  direction  proportional  to 
phase  difference  and  the  null  depth  with  the  voltage  ratio.  However, 
the  t.wo-po1nt-dr1ve  antenna  changes  the  pattern  according  to  both 
phase  and  amplitude* ratio.  The  null  direction  remains  the  same. 
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8. 


THREE  POINT  NULL  IN  SINGLE  LOOP 


If  the  n»2  mode  Is  considered  In  addition  to  the  n*0  and  n«1 
mode,  another  type  of  pattern  can  be  obtained.  It  is  possible  for 
the  pattern  to  have  three  nulls  In  arbitrary  directions  In  the  hori¬ 
zontal  plane.  Such  an  antenna  Is  shown  In  Figure  8-1.  The  electro¬ 
magnetic  field  is  obtained  by  extending  the  method  given  In  Section 
2.3.  From  (2-56),  E0(ir/2,f)  in  the  horizontal  plane  Is 

E0(ir/2,f)  *  0  .  (8-1) 


Figure  8-1.  Loop  antenna  fed  at  four  points. 

From  (2-53),  we  see  that  E^it/2,f)  in  the  horizontal  plane  Is  the 
sum  of  four  voltage  contributions: 

[J'(eb)  2Jl(eb)cos*  2Ji(eb)cos  2*) 

- - +  j  — j - ^ - 

«o  al  a2  J 


PiW  2J10b)cos(W2)  2J«(0b)cos2(f-Hr/2) 

»Qvhb  r2 —  ♦  j  — 1 - — - 

b  L  ao  «1  «2  j 


fj'ffib)  2Ji(eb)cos(^i»)  2Ji(eb)cos?(**)  3 

+  «OVrb  -5 - +  j  — - - 1 - 

c  l  “o  *1  °l2  j 


fO'(Bb)  20i(Bb)co$(*3*/2)  2Ji(  9>)cos2(*+3ir/2)  1 

♦  oqvHb  M - +  j  —I - 1 - 

d  L  °o  “1  °2 


«QbJ^(eb) 


<WVvd> 


2«QbJi(eb) 

+  j - - -  (V  cos$-Vks1n*-V  (rosHV.sIn#) 

o-j  a  d  c  a 


2wQbJ ' ( $b) 


<VVVVcosJ* 


i  8-2) 


or 


(?•♦)  *  ct 


1+C, 


cos$  VgSln^-Vccos^  VjjSln* 


1-V  +V  -V 

C2  r^Wp  cos2» 


where 


«QbJi(pb) 


o 


<VYVVd> 


(8-3) 


(8-4) 


2Ji(Pb)  a0 

C1  J  3JW  ^ 


(8-5) 
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„  2J2(8b)  a0 

C2  ‘  3J(5ET  »2 

(8-6) 

*B  *  V*. 

(8-7) 

»C  *  V*. 

(8-8) 

VD  ‘  V*. 

(8-9) 

In  order  to  produce  a  null  In  the  directions  4*11/2,  w,  3n/2, 

we  require 

E*(»/2,  */2)  ■  0 

(8-10) 

E*(*/2,  *)  *0 

(8-11) 

E#(*/2,  3w/2)  -  0 

(8-12) 

Solving  these  three  equations  yields: 

C]*C]C2 

V  »V„*  t  ... 

b  0  4c2-c1+cjE; 

(8-13) 

^Cp-C.+CjCp 

VC*  ^-r,-^,r2  ■ 

(8-14) 

Substituting  Equations  (8-13) and  (8-14)  Into  (6-3)  yields: 

E*(ir/2,  ♦)  »  CQ(1  +  2  cos#  ♦  cos24)  . 

(8-15) 

This  pattern  Is  shown  In  Figure  8-2. 
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9. 


THREE  POINT  NULL  IN  OUAL  LOOP 


Another  way  to  obtain  the  three-point-null  is  to  use  dual  loops 
as  shown  In  Figure  9-1.  The  outer  loop  radiates  only  the  n*2  mode. 

The  Inner  loop  radiates  the  na0  and  nal  modes.  Combination  with 
radiation  from  the  outer  and  inner  loops  creates  the  same  effect  as 
found  in  the  previous  section.  Occasionally  it  is  desirable  to  switch 
the  null  direction.  This  antenna  can  switch  the  null  direction  by 
chanqing  only  the  inner  loop  voltage.  This  makes  the  design  simpler 
compared  with  that  of  previous  sections. 

Firstly  the  way  to  obtain  only  the  n=2  mode  in  the  outer  loop 
is  described.  General  expression  for  E*(»/2,+)  in  four-point-drive 
is  given  by  Equation  (8-2).  If 


V.  a-V_,  V  =Va  and  V,=-V,.  then 
b  a  c  a  da 

(9-1) 

8<oQbJ'(gb) 

EJir/2,*)  = - ^ - Va  COS2*. 

▼  an  a 

(9-2) 

Therefore  (9-1)  is  the  condition  for  eliminating  the  n*0  and  n*l  modes. 
The  E-field  E$(V2,<fr)  from  the  antenna  shown  in  Figure  9-1  is  obtained 
by  adding  (9-2)  and  (2-69).  That  is 


E*("/2,*) 


^mWnHyy 

-.■nsr 


(9-3) 


8‘»outS(»«it)Vccwg» 
+  02 (out) 


or 


£,<!•♦>  •  Con«C,  ^  cos**  C2  ^  COS?.) 

(9-4) 

where 

.  .  ^io^fnXVV 
co  - SJTol — 

(9-5) 

?«  (.0)  J,(»1n) 

ci  -J-^nsr 

'9-6) 

,  «bo»t  “o'1"'  J?<6bout> 

C?  “EJ7  ^In' 

(9-7) 

Figure  9-1.  Two-loop  antenna  fed  at  four  points  to  get  3-polnt  null. 


To  obtain  null  at  **ir/2,  »,  3*/2  we  require 


£t< ./?,.«)  *  c0 1  -  rw: c? 

l  a  q 


,1  -o 


Vvb 


E+("/2,")  *  C0  1  -  y-fr  c,  *  yrff- 


E+(-/2,3-/2)  -  C0|l  -  ^  C2j  '  0 


»c  C1 

W  2J 


That  Is 


C,-2 

Vb/Va  * 


(9-8) 


(9-9) 


(9-10) 


(9-11) 


V  _/V  = 


</  a  '  C2TCfZl  * 


(9-12) 


Equation  (9-11)  and  Equation  (9-12)  are  substituted  into  (9-4): 


E^(w/2^)  ■  C0(l+2cos*+cos2$) 

This  is  the  sane  expression  as  Equation  (8-15). 


In  an  arbitrary  direction  we  thus  obtain 


(o-13) 


Me,*)  "  ^lnbfnJi(eb1n*1ne)Vaa+VB)/«tn(o) 

®in(M  -^b 

l  ♦  j  2  ji(JsTnoT  TWZ  cos  ♦ 

a1n(1)  ©v  1*  1  TB 

.  n  bout  °1n(o)  VC 


(9-14) 
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Ji^b,  «1nO) 

Ee<M>  *  X  *  o;-n-0)SsM  «•*  s1"*  <VV 


-  jie 


Qfaput  J2(fifaout$1ne) 


out 


h)  4 


out 


sine 


cose  s1n2*  V, 


(9-15) 


The  vertical  patterns  at  $*0  and  *90°  are  shown  In  Figure  9-2  and 
9-3,  respectively.  Figures  9-4  and  9-5  show  the  change  of  the  pattern 
when  the  feeding  condition  Is  changed.  Figure  9-4  shows  the  change 
as  a  function  of  Vg  *  Vi/Va  (that  Is  voltage  and  phase  of  the  small  Inner 
loop)  while  Figure  9-5  shows  the  change  as  a  function  of  Vc  *  Vc/Va 
(that  is  those  of  the  outer  loop  are  changed). 


10.  CONCLUSION 

The  radiation  pattern  of  a  single  loop  and  two  concentric  loops 
fed  at  one,  two  or  four  points  were  Investigated.  It  was  found  that 
a  single  loop  is  capable  of  producing  two  nulls  which  can  be  made 
to  coincide  and  produce  a  true  cardoid  pattern.  Three  nulls  could 
also  he  produced  by  feeding  a  single  loop  at  four  points  or  by  one 
of  two  concentric  loops.  Particular  attention  was  given  to  the  tol¬ 
erances  to  be  Imposed  on  the  feeding  voltages  to  maintain  a  reasonable 
null  level.  It  Is  concluded  that  to  obtain  a  large  bandwidth  (>10%), 
some  compensation  should  take  place  In  the  feeding  network.  This 
is  Illustrated  In  another  report  [2]  when  an  annular  slot  antenna 
fed  at  four  points  and  with  a  flush  mounted  monopole  In  the  middle 
has  been  developed  and  yields  a  bandwidth  of  25%  with  an  FB-ratlo 
of  more  than  15  dB. 


Figure  9-5(b).  Pattern  change. 
Amplitude  of  outer  loop  changed. 
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